A Probabilistic Deformation Demand Model and Fragility Estimates for Asymmetric Offshore Jacket Platforms by Fallon, Michael Brooks
  
 
 
A PROBABILISTIC DEFORMATION DEMAND MODEL AND FRAGILITY 
ESTIMATES FOR ASYMMETRIC OFFSHORE JACKET PLATFORMS 
 
 
A Thesis 
by 
MICHAEL BROOKS FALLON  
 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
Approved by: 
Co-Chairs of Committee,   Paolo Gardoni 
  Luciana Barroso 
Committee Member,  Colleen Murphy 
Head of Department,  John Niedzwecki 
 
December 2012 
 
Major Subject: Civil Engineering 
 
Copyright 2012 Michael Brooks Fallon
 ii 
 
ABSTRACT 
 
Interest in evaluating the performance and safety of offshore oil and gas platforms has 
been expanding due to the growing world energy supply and recent offshore 
catastrophes. In order to accurately assess the reliability of an offshore platform, all 
relevant uncertainties must be properly accounted for. This necessitates the development 
of a probabilistic demand model that accounts for the relevant uncertainties and model 
errors. 
In this study, a probabilistic demand model is developed to assess the 
deformation demand on asymmetric offshore jacket platforms subject to wave and 
current loadings. The probabilistic model is constructed by adding correction terms and a 
model error to an existing deterministic deformation demand model. The correction 
terms are developed to capture the bias inherent in the deterministic model. The model 
error is developed to capture the accuracy of the model. The correction terms and model 
errors are estimated through a Bayesian approach using simulation data obtained from 
detailed dynamic analyses of a set of representative asymmetric offshore platform 
configurations. The proposed demand model provides accurate and unbiased estimates 
of the deformation demand on offshore jacket platforms.  
The developed probabilistic demand model is then used to assess the reliability 
of a typical offshore platform considering serviceability and ultimate performance levels. 
In addition, a sensitivity analysis is conducted to assess the effect of key parameters on 
the results of the analyses. The proposed demand model can be used to assess the 
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reliability of different design options and for the reliability-based optimal design of 
offshore jacket platforms. 
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NOMENCLATURE 
 
࢞ Vector of structural properties 
࢝ Vector of loading parameters 
GC Geometric center 
CM Center of mass 
CR Center of rigidity 
ߪ Standard deviation 
COV Coefficient of variation 
݄ Height of offshore platform 
݀ Water depth 
ܿ Clearance between MSL and platform deck 
ܪ Wave height 
ܶ Wave period 
߱ Wave frequency 
ݒ Current velocity 
݉ Platform mass 
ܮ Platform deck length 
ܺ௥ CR x-coordinate 
௥ܻ CR y-coordinate 
ܺ௠ CM x-coordinate 
௠ܻ CM y-coordinate 
 vii 
 
ܭ௫ Lateral stiffness 
ܭఏ Torsional stiffness 
݊ Number of platform legs 
ܦ Diameter of platform legs 
ܴ Distance from CR 
ݎ Distance between CM and CR (eccentricity) 
߱௡ Natural frequency of platform 
߱ఏ௡ Natural torsional frequency of platform 
ߙ, ߚ Raleigh damping coefficients 
ܥ஽ Drag coefficient 
ܥ௠ Added mass coefficient 
ܥெ Inertia coefficient 
ߩ Density of seawater 
 viii 
 
TABLE OF CONTENTS 
 
 Page 
ABSTRACT ....................................................................................................................... ii 
DEDICATION .................................................................................................................. iv 
ACKNOWLEDGEMENTS ............................................................................................... v 
NOMENCLATURE .......................................................................................................... vi 
TABLE OF CONTENTS ............................................................................................... viii 
LIST OF FIGURES ............................................................................................................ x 
LIST OF TABLES ............................................................................................................ xi 
1. INTRODUCTION .......................................................................................................... 1 
1.1  Background ........................................................................................................ 1 
1.2  Research Objectives ........................................................................................... 5 
1.3  Organization of Thesis ....................................................................................... 6 
2. PROBABILISTIC DEMAND MODEL ........................................................................ 8 
2.1  Introduction ........................................................................................................ 8 
2.2  Description of Platform System ....................................................................... 10 
2.3   Deterministic Demand Model .......................................................................... 14 
2.4  Model Correction ............................................................................................. 15 
2.5  Virtual Experiment Data .................................................................................. 16 
2.5.1  Latin Hypercube Sampling ........................................................................... 17 
2.5.2     Analytical Modeling .................................................................................... 18 
2.5.3  Equality and Lower Bound Data .................................................................. 24 
2.6  Probabilistic Demand Model ............................................................................ 26 
2.6.1  Bayesian Parameter Estimation .................................................................... 26 
2.6.2  Model Parameter Estimation ........................................................................ 28 
2.6.3  Deformation Demand Model ........................................................................ 32 
2.6.4  Model Assessment ........................................................................................ 32 
3. FRAGILITY ESTIMATES .......................................................................................... 36 
 ix 
 
3.1  Introduction ...................................................................................................... 36 
3.2  Fragility Estimates for an Example Asymmetric Offshore Platform ............... 37 
3.2.1     Sensitivity Analysis ...................................................................................... 39 
3.2.2  Ultimate Limit State Fragility Analysis ....................................................... 42 
3.2.3     Serviceability Limit State Fragility Analysis ............................................... 43 
4. CONCLUSIONS AND FUTURE WORK .................................................................. 45 
4.1  Conclusions ...................................................................................................... 45 
4.2  Future Work ..................................................................................................... 46 
REFERENCES ................................................................................................................. 48 
 
 x 
 
LIST OF FIGURES 
 Page 
Figure 2-1. Plan view of asymmetric platform deck. ....................................................... 11 
Figure 2-2. Simplified platform model and environmental actions. ................................ 13 
Figure 2-3. Schematic illustration of wave relative to mean sea level (MSL). ................ 22 
Figure 2-4. Example maximum drift contour of platform deck. ...................................... 24 
Figure 2-5. Lower bound Type I and Type II drift values. .............................................. 26 
Figure 2-6. Step-wise deletion process for deformation demand model. ......................... 31 
Figure 2-7. Comparison between measured and predicted demands based on 
deterministic (left) and probabilistic (right) models. ........................................ 34 
Figure 3-1. Predictive fragility estimate for baseline configuration with 5% drift 
capacity. ............................................................................................................ 39 
Figure 3-2. Sensitivity of altering platform eccentricity. ................................................. 40 
Figure 3-3. Sensitivity of altering drill pipe location. ...................................................... 41 
Figure 3-4. Sensitivity of altering drift capacity. ............................................................. 42 
Figure 3-5. Fragility contour of platform deck. ............................................................... 44 
 
 xi 
 
LIST OF TABLES 
 Page 
 
Table 2-1. Key design parameters. ................................................................................... 12 
Table 2-2. Ranges of design parameters for typical offshore platforms. ......................... 18 
Table 2-3. Comprehensive list of explanatory functions. ................................................ 29 
Table 2-4. Posterior statistics of parameters in demand model. ....................................... 33 
Table 3-1. Important parameters of the baseline platform configuration......................... 38 
 
 
 
 
 1 
 
1. INTRODUCTION  
 
1.1 Background 
Offshore oil and gas projects are responsible for nearly one third of the world’s energy 
supply. As this fraction continues to increase, as well as the world energy demand, oil 
and gas production has to move towards more hostile offshore environments. Because of 
the growing importance of offshore oil and gas, technical analysis and design of offshore 
platforms has become an important field in engineering (Xiaoyu and Hongnan 2010). In 
addition, the recent failure of the Deepwater Horizon drilling rig in April of 2010 that 
killed 11 people, injured several others, and caused a massive environmental crisis 
illustrated the importance of safe and reliable offshore structures (Skogdalen et al. 2012).  
Presently, there are thousands of offshore platforms in use, and their structural safety and 
reliability are more important than ever.  
 The cost of energy is critical to the success of an offshore petroleum production 
project. In the case of offshore drilling platforms, the cost of energy is the cost of design, 
construction, installation, maintenance and repair, and operation. A reliability analysis of 
offshore structures can decrease the need for costly repair, maintenance, and downtime. 
In addition, reliability-based design of an offshore platform can prevent overly 
conservative designs that increase the cost of the project. Therefore, reliability-based 
designs of offshore platforms provide an optimal use of resources for hydrocarbon 
production. Accordingly, a framework is needed for the assessment of the structural 
reliability of offshore platforms. 
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Offshore platforms can be broadly categorized into two groups based on the 
existence or not of a support structure: fixed platforms and floating platforms. Fixed 
platforms are bottom supported structures that extend to the seabed, while floating 
platforms are structures that float near the water surface and are not structurally 
connected to the seabed. The main advantage of floating type offshore platforms is the 
water depths in which they can be installed. There is no structural constraint with regards 
to the depth of water in which these platforms can operate because there is no structural 
system that extends to the seafloor. However, floating platforms typically have greater 
stability and dynamics problems due to the lack of a support structure. Fixed platforms 
are typically installed in more shallow waters up to approximately 520 meters. The main 
advantages of these platforms are their relative stability and limited movement due to the 
presence of a support structure attached to the seabed. However, it is not economical to 
build the support structures in deep waters. Because of their wide use and importance, 
this study focuses on fixed offshore platforms.  
Fixed offshore platforms can be categorized into three types: steel jacket 
platforms, concrete gravity platforms, and compliant towers. Jacket platforms are 
supported by a framed structure with pile foundations. Concrete gravity platforms are 
supported by massive concrete structures that remain in place on the seabed without the 
need for piles. Compliant towers are very similar to jacket platforms but are installed in 
deeper waters, and therefore are much narrower and designed to be more flexible. Steel 
jackets are the most common fixed offshore platforms. Thus, we will evaluate this type 
of platform within the scope of this study. 
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Several studies have been carried out to assess the structural reliability of 
offshore platforms subject to environmental loading. Jensen et al. (1991) studied the 
reliability of offshore platforms against overturning, an ultimate limit state. They showed 
that the sea state does have a large influence on the overturning moment. Nadim and 
Gudmestad (1994) studied the reliability of a particular oil field in the North Sea under 
earthquake loads. Kirkegaard et al. (1991) considered the fatigue reliability of an 
offshore mono tower platform, and Karamchandani et al. (1991) examined combined 
fatigue and extreme loading reliability of offshore platforms. Both of these studies 
considered component and system failure which are ultimate limit states. However, there 
are some limitations to these studies. First, none of them consider the mass and/or 
rigidity eccentricity and the resulting torsional behavior in typical offshore jacket 
platforms. The asymmetry of offshore platforms is often inevitable due to many factors, 
including asymmetric structure plan and accidental mass and rigidity eccentricity, and 
therefore, the asymmetry of the offshore structures should be considered. Furthermore, 
these available approaches are limited to the ultimate failure modes of the offshore 
platform, and do not consider serviceability limit states, typically governed by the 
displacement of the platform. 
As offshore platforms are being installed in deeper waters, the dynamic response 
of offshore platforms due to wave and current action has become the focus of many 
researchers (Hahn 1992; Bea et al. 1999). Computational modeling is being widely used 
to determine the demand on the structural components of offshore platforms. These 
analyses require accurate modeling of the dynamic response of the structure and 
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evaluation of the environmental loading including wave and current loading. Nataraja 
and Kirk (1977) developed the equation of motion for a gravity platform under wave 
forces and studied the dynamic responses. Xiaoyu and Hongnan (2010) similarly 
evaluated the dynamic response of offshore platforms, but also considered the inherent 
asymmetry of the structure and corresponding torsional response. However, Xiaoyu and 
Hongnan did not assess the effects of the torsional behavior on the reliability of offshore 
platforms. 
This study addresses the limitations listed above. It incorporates the dynamic 
response of asymmetric offshore platforms into a reliability framework. The dynamic 
response formulation follows Xiaoyu and Hongnan (2010) to consider the asymmetry of 
offshore platforms which results in more realistic analyses. Finally, the formulation of 
the reliability framework can consider both serviceability and ultimate limit states. The 
drift of the drill pipe and the drift of the structural legs of the platform are studied. The 
drill pipe drift corresponds to a serviceability limit state, as large displacements of the 
drill pipe will suspend oil or gas production operations on the platform. On the other 
hand, the platform leg drift is considered an ultimate limit state, as large displacements 
of these structural members can result in structural failure. Including serviceability in the 
proposed framework ensures that the day to day operation of an offshore platform, and 
not just ultimate failure, is considered.  
This thesis presents the formulation of a probabilistic demand model for 
asymmetric offshore jacket platforms that accounts for the prevailing uncertainties. This 
is done by developing corrections terms that correct the inherent bias and uncertainty in 
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existing deterministic demand models. Next, fragility estimates are presented for 
example asymmetric offshore jacket platforms. The probabilistic demand models are 
used to compute the fragility of the structure with respect to a deformation failure mode. 
The reliability framework developed in this study can potentially lead to 
significant decreases in the cost of energy for asymmetric offshore jacket platforms 
based on accurate estimates of their reliability. Furthermore, the results of this study will 
be of interest to the civil, ocean, and petroleum engineering communities.  
 
1.2 Research Objectives 
The goal of this thesis is to develop a reliability framework for asymmetric platforms 
that accounts for the prevailing uncertainties, including model errors, measurement 
errors and statistical uncertainty. To achieve this overall goal, this study has two 
objectives: 
Objective 1: Develop a probabilistic deformation demand model for asymmetric 
offshore platforms. A demand model is a mathematical expression that relates the 
structural demand of interest (e.g. drift of the drill pipe or drift of the platforms legs) to 
the environmental loading and system properties. As opposed to developing new models, 
the probabilistic deformation demand model is formulated by adding correction terms to 
an existing deterministic demand model following a general formulation developed by 
Gardoni et al. (2002). This framework corrects the bias in the deterministic model and 
accounts for the inherent uncertainties. 
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Objective 2: Develop fragility estimates for example asymmetric offshore 
platforms. An evident application of the probabilistic demand model is to estimate the 
structural fragility of a given asymmetric offshore platform. Fragility is defined as the 
probability of failure for a given set of demand variables. Predictive fragility estimates 
are used to develop fragility curves for example offshore platforms.  
 
1.3 Organization of Thesis 
This thesis is organized using a section-subsection format. There are four sections and 
within each section there are subsections. The word “section” corresponds to the first 
heading level and “subsection” corresponds to the second and above heading levels. 
Descriptions for each section in this thesis are listed below. 
 Section 1 (current section) gives an introduction and background information of 
this thesis, including the project description, the current state of knowledge on 
the subject, and the project’s significance. Next, the overall goal and objectives 
are given, followed by the organization of this thesis.  
 Section 2 develops the probabilistic deformation demand model for asymmetric 
offshore platforms. This section gives an overview of the platform system 
considered, and then describes the deterministic model selected for use in this 
study. Next, the experimental method and data are discussed, and the model 
selection process is outlined.  
 Section 3 uses the proposed probabilistic deformation demand model to estimate 
the fragility of an example offshore platform. The analysis is conducted 
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considering a serviceability limit state and an ultimate limit state. In addition, a 
sensitivity analysis of selected variables is carried out. 
 Section 4 discusses conclusions of this thesis and proposes future work that could 
further the results of this study. 
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2. PROBABILISTIC DEMAND MODEL 
 
2.1 Introduction 
This section develops a probabilistic deformation demand model for asymmetric 
offshore jacket platforms. A demand model is an analytical expression or procedure that 
relates the demand on a structural component to the properties of the system considered 
(e.g. material properties, structural dimensions, and boundary conditions) and 
environmental loading. The main purpose of a structural demand model is to predict the 
structural demand quantities of interest for given system and loading properties. A 
probabilistic demand model accounts for the uncertainties inherent in predicting the 
demand of interest. These uncertainties can be categorized into two broad types, as 
described by Gardoni et al. (2002): aleatory uncertainties and epistemic uncertainties. 
Aleatory uncertainties are inherent in nature and cannot be influenced by the observer, 
while epistemic uncertainties are a result of our lack of knowledge, our deliberate choice 
to simplify matters, errors in measurements and observations, and the finite size of 
observation samples. Although aleatory uncertainties are inevitable and cannot be 
reduced, epistemic uncertainties can be reduced by use of an improved demand model. 
Ideally, a probabilistic demand model should be derived from first principles (e.g. the 
rules of mechanics) and incorporate experimental and field data when available. Rather 
than creating a new model, we develop the probabilistic demand model by adopting an 
existing deterministic demand model or analysis procedure and add correction terms to 
capture potential bias in the deterministic model, as outlined in Gardoni et al. (2002, 
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2003). An offshore jacket platform is subject to demands that could lead to failure in a 
serviceability or ultimate limit state due to excessive deformations. Following Gardoni et 
al. (2002, 2003), the proposed demand model for given material properties, structural 
dimensions, and boundary conditions, ࢞, and also for given external loading, including 
wave and current loadings, ࢝, can be formulated as 
 ܦ௞൫࢞,࢝,દ஽,௞൯ ൌ መ݀௞ሺ࢞,࢝ሻ ൅ ߛ஽,௞൫࢞,࢝, ી஽,௞൯ ൅ ߪ஽,௞ߝ஽,௞ (2.1)
where દ஽,௞ ൌ 	 ൫ࣂ஽,௞, ߪ஽,௞൯, ࣂ஽,௞ = vector of unknown model parameters, መ݀௞ሺ࢞,࢝ሻ = 
selected deterministic demand model, ߛ஽,௞൫࢞,࢝, ી஽,௞൯ = correction term for the bias 
inherent in the deterministic model, ߪ஽,௞ߝ஽,௞ = model error, ߝ஽,௞ = random variable with 
zero mean and unit variance, and ߪ஽,௞ = unknown standard deviation of the model error. 
Note that for given		࢞, ࣂ஽,௞¸ and ߪ஽,௞ we have ܸܽݎൣܦ௞൫࢞,࢝,દ஽,௞൯൧ ൌ 	ߪ஽,௞ଶ  as the 
variance of the model. The index ݇ indicates the considered mode of failure, and a 
different deterministic demand model will be used for each failure mode. Within the 
scope of this project, the only demand of interest is the deformation demand on the 
structure. Therefore, ݇ ൌ ߜ for the deformation demand. In writing Eq. (2.1), two 
assumptions need to be satisfied: (1) the model variance is constant (homoscedasticity 
assumption), and (2) ߝ஽,௞ follows the normal distribution (normality assumption). To 
satisfy these assumptions, a variance stabilizing transformation of the demand quantities 
is typically used (Box and Cox 1964). In this study, a logarithmic transformation is used 
to satisfy the above assumptions. That is, ܦఋ ൌ ݈݊ሺ∆/݄ሻ, where ∆ = deformation demand 
and ݄ = height of the offshore platform; መ݀ఋ ൌ ݈݊൫∆෠/݄൯ where ∆෠ is the deterministic 
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estimate of the deformation demand. The quantity ∆/݄ is defined as the “drift” of the 
platform.  
The correction term, ߛ஽,௞, is added to correct the bias and account for the missing 
terms in the deterministic model. Following Gardoni et al. (2002), this correction term 
will be calculated as 
 ߛ஽,௞൫࢞,࢝, ી஽,௞൯ ൌ෍ ߠ஽,௞௜݄௞௜ሺ࢞,࢝ሻ
௣
௜ୀଵ
 (2.2)
where ࣂ஽,௞ ൌ 	 ൣߠ஽,௞௜൧ , and ݄௞௜ሺ࢞,࢝ሻ = candidate explanatory functions that might be 
significant in correcting መ݀௞ሺ࢞,࢝ሻ, and ݌ = the number of explanatory basis functions. 
The model parameters, દ஽,௞ ൌ 	 ൫ࣂ஽,௞, ߪ஽,௞൯, can be estimated following a Bayesian 
approach using field, laboratory, and/or virtual (simulated) data (Box and Tiao 1992). By 
examining the posterior statistics of the unknown parameters, ߠ஽,௞௜, we can identify 
explanatory functions that are significant in describing the bias in the deterministic 
model. 
 
2.2 Description of Platform System 
The platforms of interest are supported by four piles and installed in water depths 
between 20 meters and 300 meters. We predict deformation (drift) demands on the 
support structure and drill pipe subject to wave and current loading, as these usually 
represent the dominant environmental conditions (Xiaoyu and Hongnan, 2010). 
Although the supporting piles and jacket support structure are often symmetric, the 
equipment and structural components on the platform deck are usually asymmetric. In 
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addition, accidental eccentricity of the center of mass and center of rigidity is typically 
unavoidable due to many uncertain factors.  This platform asymmetry is captured by a 
shift in the platform’s center of mass (CM) and/or center of rigidity (CR) away from the 
geometric center (GC), as shown in Figure 2-1. For this system, ܺ௠and ܺோ are the 
coordinates of the CM and CR along the x-axis, and ௠ܻand ோܻ are the coordinates of the 
CM and CR along the y-axis. This formulation allows for eccentricity of different 
magnitudes and different directions. The eccentricity between the CR and CM will cause 
a coupled torsional-translational response, even though the forces acting on the structure 
only act in the translational direction. The rotation of the platform is assumed to occur 
about the CR as discussed by Tabatabaei (2011). 
 
 
Figure 2-1. Plan view of asymmetric platform deck. 
 
 
The offshore platforms studied in this paper are assumed to have a symmetric 
plan; that is, the length of the deck is the same in both the x-direction and y-direction. 
GC 
CM
CR
y
xYR
XR
Xm
Ym
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Furthermore, the lateral stiffness of the platform is assumed to be equivalent in the x-
direction and y-direction.  Table 2-1 lists all structural, material, and loading parameters 
used to define a given platform configuration and their descriptions. 
 
Table 2-1. Key design parameters. 
Design Variable Description Units 
d Water depth m 
H Wave height m 
T Wave period sec 
v Current velocity m/sec 
m Platform mass kg 
L Platform deck length m 
Xr CR x-coordinate m 
Yr CR y-coordinate m 
Xm CM x-coordinate m 
Ym CM y-coordinate m 
kx Lateral stiffness of platform N/m 
kθ Torsional stiffness of platform N-m/rad 
D Diameter of platform legs (piles) m 
h Height from seabed to platform deck m 
c Clearance (height from sea level to platform deck) m 
R Distance to CR from drill pipe or platform leg m 
r Distance between CR and CM m 
CR Distance between CR and GC m 
 
 
Figure 2-2 shows the asymmetric platform model under the combined wave and 
current environmental loadings (Xiaoyu and Hongnan 2010). Following Xiaoyu and 
Hongnan (2010), this offshore platform is simplified as a single-story model with two 
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translational and one torsional degrees of freedom (DOFs), and it is assumed to respond 
in the elastic range only. These simplifications and assumptions are made for two 
reasons: (1) This model is fairly simple and straightforward to analyze. The relative ease 
of analysis and interpretation of a single-story model allows for better understanding of 
the results. Thus, different parameters and characteristics of the asymmetric platform can 
be easily investigated. (2) The first three modes of the platform (two lateral orthogonal 
modes and one rotational mode) control a large portion of the response of the platform. 
In addition, the wave and current action is assumed to coincide with the positive x-axis. 
This assumption is made due to the fact that orientation of the platform with respect to 
the wave and current forces does not affect the model results; only the positions of the 
CM and CR That is, altering the positions of the CM and CR in the model (developed in 
Section 2.5.2) can effectively “rotate” the platform with respect to the wave and current 
incidence. Because the virtual experiment database will consider a wide range of CM 
and CR positions, the results of this study essentially capture all wave and current 
incidence angles. 
 
Figure 2-2. Simplified platform model and environmental actions. 
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It is also important to note that the model described above is very idealized. We 
have made several simplifications and do not account for structural nonlinearities. In 
turn, the results of this study would most likely be applicable during  the preliminary or 
conceptual stages of a project and give an approximation of the structure’s reliability 
based on key design parameters. 
 
2.3  Deterministic Demand Model 
An ideal deterministic model መ݀௞ሺ࢞,࢝ሻ should be simple, accurate, and commonly 
accepted in practice. Therefore, we will use an equivalent static analysis of the offshore 
jacket platforms as the deformation deterministic model, as outlined by Chopra (2006). 
This model defines a vector of statically applied external forces on the stiffness 
component of the offshore platform. The equivalent static analysis can be formulated as 
 ቐ
ௌ݂௫
ௌ݂௬
ௌ݂ఏ
ቑ ൌ ሾࡷሿ ൝
ݑ௫ݑ௬ݑఏ
ൡ (2.3)
where ௌ݂௫, ௌ݂௬, and ௌ݂ఏ are the statically applied external forces and moments in the x-
direction, y-direction, and in the ߠ-direction (about the axis of rotation), respectively,  ࡷ 
is the stiffness matrix of the asymmetric system, and ݑ௫, ݑ௬, and ݑఏ are the translator 
displacements of the geometric center (GC) along the x and y axes, and the rotation of 
the GC in the horizontal plan, respectively. Since we assume the wave and current 
incidence to coincide with the positive direction of the x axis, we can conclude that ௌ݂௬ = 
0 and ௌ݂ఏ = 0. For the purposes of this model, ௌ݂௫ is defined as the maximum 
hydrodynamic force due to wave and current action that occurs over a specified time, 
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given a set of loading conditions. Wave and current forces are estimated using the 
Morison equation and drag equation, respectively, in same manner as illustrated below 
in Section 2.5.2. The stiffness matrix of the asymmetric platform is formulated following 
Xiaoyu and Hongnan (2010) as 
 ࡷ ൌ	 ቎
ܭ௫ 0 െܭ௫ ோܻ0 ܭ௬ ܭ௬ܺோ
െܭ௫ ோܻ ܭ௬ܺோ ൫ܭఏ െ ܭ௫ ௠ܻଶ െ ܭ௬ܺ௠ଶ ൅ 2ܭ௫ ௠ܻ ோܻ ൅ 2ݕܭ௬ܺ௠ܺோ൯
቏ (2.4)
where, ܭ௫, ܭ௬, and ܭఏ are the system stiffness in the x direction, y-direction, and 
rotational stiffness, respectively, ܺ௠ and ௠ܻ are the coordinates of the center of mass 
(CM), and ܺோ and ோܻ are the coordinates of the center of rigidity (CR) as shown in 
Figure 2-1.  
This equivalent static model assumes the structure primarily responds in its 
fundamental mode, and does not account for significant torsional behavior well (Chopra 
2006). 
 
2.4 Model Correction 
As defined earlier, the correction term ߛ஽ሺ࢞,࢝, ી஽ሻ, is intended to correct the bias in the 
deterministic model, መ݀ሺ࢞,࢝ሻ.  The linear form illustrated in Eq. (2.2) will be used for the 
correction term. The explanatory functions, ݄௜ሺ࢞,࢝ሻ, should be selected to improve the 
accuracy of the prediction with respect to መ݀ሺ࢞, ࢝ሻ. Therefore, the terms that are thought 
to be missing or misrepresented from መ݀ሺ࢞, ࢝ሻ can be selected as explanatory functions 
(Gardoni et al. 2002). Also, rules of mechanics and structural dynamics can guide in 
formulating the explanatory functions. It is also important to note that ݄௜ሺ࢞,࢝ሻ should 
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be dimensionless, so that ߠ஽,௜ are dimensionless. We select the following explanatory 
functions: ݄ଵሺ࢞,࢝ሻ ൌ 1 to correct possible constant bias in the deterministic model that 
is independent of ࢞ and ࢝, and ݄ଶሺ࢞,࢝ሻ ൌ መ݀ሺ࢞,࢝ሻ to capture any over-estimation or 
under-estimation in the deterministic model. To capture other factors influencing the 
bias in the deterministic model, additional explanatory functions are considered that 
include material properties, structural dimensions, and environmental loading variables.  
A Bayesian inference using experimental data is used to approximate the unknown 
model parameters, ߠ஽,௜. Due to lack of existing experimental data needed for the 
statistical analysis, virtual data are generated by conducting detailed dynamic analyses of 
asymmetric offshore jacket platforms.  We generate a database from the results of these 
experiments to conduct the statistical analysis required to estimate the model parameters. 
 
2.5 Virtual Experiment Data 
This study uses computer-based simulations to calculate the response of offshore jacket 
platforms. The term “virtual experiment” herein refers to a dynamic analysis of a 
specific platform configuration. A set of representative offshore platform configurations 
are used to compute virtual experiment data. This data is later used to calibrate the 
probabilistic demand model. The representative configurations are selected as to 
maximize their information content while minimizing the computational costs of the 
dynamic analyses by performing an experimental design.  The experimental design is 
conducted by using a Latin hypercube sampling technique.  
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2.5.1 Latin Hypercube Sampling 
The experimental design with virtual experiments differs from classical experimental 
design due to the deterministic nature of the computer-based simulations associated with 
virtual experiments. Therefore, there is no random error, and replication is unnecessary 
(Simpson et al. 2001).  As stated by Simpson et al. (2001), the design space is defined as 
the region bounded by the upper and lower limits of each input variable, and the sample 
points should be chosen to fill the design space such that they spread as far from each 
other as possible. Many “space filling” methods exist. This study employs the Latin 
hypercube sampling technique introduced by McKay et al. (1979) to determine the 
representative configurations of the offshore platform. Latin hypercube sampling 
maximizes the minimum distance between the design points and evenly spaces each 
design point in its range to give a good coverage of the design space. This ensures the 
experimental design database contains results from evenly spaced representative 
configurations of offshore platforms within the design space. The input variables used to 
characterize each platform and their ranges are shown in Table 2-2. The practical rule of 
approximately 5 samplings per design variable is used. Therefore, 63 platform 
configurations are generated.  Within each of these configurations, eight different values 
of ܴ, the distance from the axis of rotation to the point where the platform response is 
calculated, are considered. This results in a total of 504 configurations that are 
considered. It is important to note that these configurations are not intended to 
correspond to any existing offshore platforms. 
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Table 2-2. Ranges of design parameters for typical offshore platforms. 
Design Parameter Range 
Wave height, H 1-20 m 
Wave period-to-wave height ratio, T/√H 3.6-5.0 sec/m1/2 
Water depth, d 20-300m 
Platform mass, m 2x106-15x106 kg 
Deck length (x and y direction), L 20-100 m 
CR x-coordinate-to-deck length ratio, Xr/L -0.25-0.25 % 
CR y-coordinate-to-deck length ratio, Yr/L -0.25-0.25 % 
CM x-coordinate-to-deck length ratio, Xm/L -0.25-0.25 % 
CM y-coordinate-to-deck length ratio, Ym/L -0.25-0.25 % 
Natural frequency of platform (squared), kx/m 1-30 (rad/sec)2 
Natural rotational frequency of platform (squared), kθ/(m∙r2) 1-30 (rad/sec)2 
Clearance, c 5-20 m 
Current velocity, v 0.03-2.5 m/sec 
Platform leg diameter, D 0.5-2.0 m 
 
 
2.5.2  Analytical Modeling 
The dynamic analytical models are formulated to allow for the torsional behavior of the 
offshore platforms. A differential equation of motion is used to perform a linear dynamic 
analysis and model the dynamic responses as described by Xiaoyu and Hongnan (2010). 
This equation can be written in matrix form as follows: 
 ሾࡹሿ ൝
ݔሷ
ݕሷ
ߠሷ
ൡ ൅ ሾ࡯ሿ ൝
ݔሶ
ݕሶ
ߠሶ
ൡ ൅ ሾࡷሿ ቊ
ݔ
ݕ
ߠ
ቋ ൌ ቐ
ܨ௫ܨ௬
ܨఏ
ቑ (2.5)
where ሾࡹሿ, ሾ࡯ሿ, and ሾࡷሿ are the mass, equivalent damping, and stiffness matrices, ݔ, ݔሶ , 
and ݔሷ  are the displacement, velocity, and acceleration of the structure in the x-direction, 
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ݕ, ݕሶ , and ݕሷ  are the displacement, velocity, and acceleration of the structure in the y-
direction, ߠ, ߠሶ , and ߠሷ  are the angular rotation, angular velocity, and angular acceleration 
of the structure about the z-axis, and ܨ௫, ܨ௬, and ܨఏ are the forcing functions in the x-
direction, y-direction, and about the z-axis, respectively. The origin of the coordinate 
system is located at the geometric center (GC) of the deck of the offshore platform. The 
third degree of freedom in this differential equation of motion, the rotation about the z-
axis, is included to examine the torsional effects of the mass and rigidity eccentricity of 
the platform. This is achieved through the formulation of the mass and stiffness matrices, 
as shown below: 
 ࡹ ൌ	቎
݉ 0 െ݉ ௠ܻ0 ݉ ݉ܺ௠
െ݉ ௠ܻ ݉ܺ௠ ݉ሺݎଶ ൅ ܺ௠ଶ ൅ ௠ܻଶሻ
቏ (2.6)
 ࡷ ൌ	 ቎
ܭ௫ 0 െܭ௫ ோܻ0 ܭ௬ ܭ௬ܺோ
െܭ௫ ோܻ ܭ௬ܺோ ൫ܭఏ െ ܭ௫ ௠ܻଶ െ ܭ௬ܺ௠ଶ ൅ 2ܭ௫ ௠ܻ ோܻ ൅ 2ݕܭ௬ܺ௠ܺோ൯
቏ (2.7)
where ݉ is the equivalent mass of the platform deck, ݎ is the radius of gyration of the 
mass about a vertical axis passing through the center of mass (CM), ܭ௫, ܭ௬, and ܭఏ are 
the system stiffness in the x direction, y-direction, and rotational stiffness, respectively, 
ܺ௠ and ௠ܻ are the coordinates of the CM, and ܺோ and ோܻ are the coordinates of the 
center of rigidity (CR), as shown in Figure 2-1. The equivalent damping matrix will be 
computed using Raleigh damping, as shown below: 
 ሾ࡯ሿ ൌ ߙሾࡹሿ ൅ ߚሾࡷሿ (2.8)
where ߙ and ߚ are the Raleigh damping coefficients. 
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The forcing functions in Eq. (2.5) are a result of the hydrodynamic (wave and 
current) loading on the offshore platform’s support structure. For the purposes of this 
study the wave and current forces are assumed to be unidirectional and act in the positive 
x-direction only. The hydrodynamic wave forces on the offshore platforms are estimated 
by the Morison equation, which accounts for the relative motion of the structure and 
water particles (Morison et al. 1950). The Morison equation gives the wave force on the 
legs of the platform per unit length as: 
 ௪݂ ൌ ܥ஽ ߩܦ2 |ݑ െ ݔሶ |ሺݑ െ ݔሶሻ ൅ ܥ௠ߩ
ߨܦଶ
4 ሺݑሶ െ ݔሷሻ ൅ ߩ
ߨܦଶ
4 ݑሶ  (2.9)
where ܥ஽ and ܥ௠ are the drag coefficient and added mass coefficient of the platform leg, 
respectively, ߩ is the density of the seawater, ܦ is the diameter of the platform leg, ݑ and 
ݑሶ  are the undisturbed acceleration and velocity of the sea water, and ݔሶ  and ݔሷ  are the 
acceleration and velocity of the platform leg at a certain elevation. We assume the drag 
and added mass coefficients to be 1.2 and 1.0, respectively. Integrating this equation 
over the water depth yields the total force acting on one platform leg. It is important to 
note that certain terms resulting in the simplification of Eq. (2.9) are functions of the 
structure’s acceleration and velocity. These terms are known as the added mass term and 
wave damping term, respectively, and they are included in the mass and damping 
matrices from Eq. (2.5), as shown below 
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 ࡹ ൌ	
ۏ
ێێ
ێێ
ێێ
ۍ݉ ൅ ݊ නܥ௠ߩߨܦ
ଶ
4 ݀ݖ
଴
ିௗ
0 െ݉ ௠ܻ
0 ݉ ൅ ݊ නܥ௠ߩߨܦ
ଶ
4 ݀ݖ
଴
ିௗ
݉ܺ௠
െ݉ ௠ܻ ݉ܺ௠ ݉ሺݎଶ ൅ ܺ௠ଶ ൅ ௠ܻଶሻے
ۑۑ
ۑۑ
ۑۑ
ې
 (2.10)
 ࡯ ൌ 	
ۏ
ێێ
ێێ
ێێ
ۍܥଵଵ ൅ ݊ නܥ஽ ߩܦ2 തܽ ݀ݖ
଴
ିௗ
0 ܥଵଷ
0 ܥଶଶ ൅ ݊ නܥ஽ ߩܦ2 ܽ	ഥ݀ݖ
଴
ିௗ
ܥଶଷ
ܥଷଵ ܥଷଶ ܥଷଷے
ۑۑ
ۑۑ
ۑۑ
ې
 (2.11)
where ݊ is the number of platform legs.  
The wave kinematics are estimated by linear wave theory. This model is based 
on the solution of the Laplace equation in terms of the velocity potential given by the 
following equation (Dean and Dalrymple 1991): 
 ߮ ൌ ܽ ݃߱
coshሺ݇ሺݖ ൅ ݄ሻሻ
coshሺ݄݇ሻ cosሺ݇ݔ െ ߱ݐሻ  (2.12)
where ߮ is the velocity potential, ܽ is the amplitude of the wave, ߱ is the frequency of 
the wave which is determined by solving the dispersion equation ߱ଶ ൌ ݃݇ tanhሺ݄݇ሻ, ݃ 
is the gravitational acceleration, ݄ is the water depth, and ݇ is the wave number defined 
by ݇ ൌ 2ߨ/ܮ, where ܮ is the wave length as shown in Figure 2-3. The horizontal water 
velocity, ݑ, and acceleration, ݑሶ , is then  calculated as ݑ ൌ 	െ߲߮/߲ݔ and ݑሶ ൌ 	߲ݑ/߲ݐ, 
respectively. 
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Figure 2-3. Schematic illustration of wave relative to mean sea level (MSL). 
 
 
The hydrodynamic current forces on the platforms legs are estimated by the drag 
equation (Batchelor 1967). We assume the current velocity to be constant with varying 
water depth. The drag equation gives the force on one leg of the platform as: 
 ܨ஽ ൌ 12ߩݒ
ଶܥ஽ܣ (2.13)
where ߩ is the density of the seawater, ݒ is the horizontal current velocity, ܥ஽ is the drag 
coefficient as mentioned above, and ܣ is the area of the orthographic projection of the 
platform leg perpendicular to the direction of the current.  
The combination of wave and current forces results in the following forcing 
functions after accounting for the added mass and wave damping terms: 
 ܨ௫ ൌ ݊ නܥ஽ ߩܦ2 തܽ ∙ ݑ ݀ݖ
଴
ିௗ
൅ ݊ නܥெߩߨܦ
ଶ
4 ݑሶ ݀ݖ
଴
ିௗ
൅ 12ߩݒ
ଶܥ஽ܣ (2.14)
where ܥெ is the inertia coefficient defined as ܥெ ൌ ܥ௠ ൅ 1. 
MSL x 
z
a 
L
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Once the time history response for the 3 degrees of freedom in Eq (2.5) is known, 
the displacement at any point on the platform deck at any given time can be computed. 
We then assess the maximum drift that occurs at every point on the platform deck over 
the response time. These values can be displayed in contour form as shown in the 
example contour below in Figure 2-4. The axis of rotation can typically be identified as 
within the area of the smallest maximum drift values. It can be seen that as the point at 
which the drift is computed moves further away from the axis of rotation (located at the 
CR), the maximum drift at that point increases. This is a result of the torsional response 
of the platform. This information is used to allow for the computation of the drift of the 
drill pipe when located at various points on the platform deck (as opposed to just at the 
axis of rotation) as well as the drift at the legs of the platform. It is important to note that 
similar contours and drift calculations are computed from the responses of the three 
degrees of freedom in the deterministic model, which is formulated in Section 2.3. 
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Figure 2-4. Example maximum drift contour of platform deck. 
 
 
2.5.3 Equality and Lower Bound Data 
The data from each virtual experiment can be classified as either equality data or lower 
bound data, as shown by Gardoni et al. (2002) and Ramamoorthy et al. (2006). An 
equality datum is such that the quantity of interest (i.e. deformation) as calculated by the 
virtual experiments is believed to be accurate. When an accurate virtual experiment 
value is unavailable and only a value that is a lower bound to the true value is available, 
a lower bound datum exists. In the context of this study, when the deformations in the 
dynamic analyses are relatively large, the results are deemed no longer reliable. This is 
due to the structural nonlinearities associated with large displacements that are not 
accounted for in the linear dynamic model. Therefore, we consider a 5% lower bound on 
the drift of the platform, such that if the maximum drift during one time history analysis 
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is less than 5%, the deformation data is classified as equality data. If the maximum drift 
during one time history analysis exceeds this 5% threshold, then we consider a 5% drift 
as the lower bound datum, and the data is classified as lower bound data.  Two types of 
lower bound data result from the experimental simulations, as discussed by Bai et al. 
(2011): lower bound I data and lower bound II data. For lower bound cases, the first time 
at which any point on the offshore platform deck exceeds the 5% drift threshold is 
determined based on the time history response of the platform. The threshold drift is then 
taken as the lower bound I data for that point on the platform deck. Similarly, the 
maximum drift at all other points on the platform deck up to that time are considered as 
lower bound II data. The lower bound II data points will be less than the 5% drift 
threshold, but still considered lower bound. In Figure 2-5, the blue dots represent 
equality data, while the green triangles and red squares represent lower bound Type I 
and Type II data, respectively. The left chart of Figure 2-5 displays the data from the 
point on each platform configuration that had the largest drift over the time history 
response, while the right chart displays data from all other points on each platform 
configuration. The triangles indicate the data points that first exceeded 5% drift (Type I), 
and the squares indicate the corresponding lower bound data for other points (Type II). It 
is important to note that Figure 2-5 displays the uncensored data. With this lower bound 
datum approach, the data from the experiments that result in large deformations are 
incorporated without allowing inaccurate results to influence the model parameters. 
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Figure 2-5. Lower bound Type I and Type II drift values. 
 
 
2.6 Probabilistic Demand Model 
The unknown model parameters of the probabilistic demand model for deformation 
demands on offshore platforms due to environmental loadings are estimated by 
generating a virtual experiment database, as discussed in Section 2.5. The unknown 
model parameter selection process should create a demand model that is unbiased, 
accurate, and easily implementable (Gardoni et. al 2002). In addition, the model 
selection process should aim to develop a parsimonious demand model (i.e., have as few 
explanatory functions, ݄௜, as possible) to avoid loss of precision of the estimated 
parameters and the model due to inclusion of unimportant predictors. 
 
2.6.1 Bayesian Parameter Estimation 
The model parameters, દ஽,௞, are estimated using a Bayesian approach based on the 
following updating rule (Box and Tiao 1992): 
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 ݂൫દ஽,௞൯ ൌ ߢܮ൫દ஽,௞൯݌൫દ஽,௞൯ (2.15)
where ݂൫દ஽,௞൯ = posterior distribution that represents the updated distribution of દ஽,௞, 
݌൫દ஽,௞൯ = prior distribution of દ஽,௞ representing our state of knowledge about દ஽,௞ 
prior to conducting the virtual experiments, ߢ		= normalizing factor, and ܮ൫દ஽,௞൯ = 
likelihood function representing the objective information about દ஽,௞ that comes from 
the set of virtual experiments. The likelihood function is a function that is proportional to 
the conditional probability of observing the virtual experiment results for given values of 
model parameters, દ஽,௞. Following Gardoni et al. (2002), the likelihood function, 
incorporating lower bound data, is written as 
 ܮሺી௞, ߪ௞ሻ ∝ ෑ ቊ 1ߪ௞ ߮ ቈ
ݎ௜௞ሺࣂ௞ሻ
ߪ௞ ቉ቋ௙௔௜௟௨௥௘	ௗ௔௧௔
ൈ ෑ Φቈെݎ௜௞ሺࣂ௞ሻߪ௞ ቉௟௢௪௘௥ ௕௢௨௡ௗ ௗ௔௧௔
 (2.16)
where ߮ሺ∙ሻ and Φሺ∙ሻ denote the standard normal probability density function and 
cumulative distribution functions, respectively, and ݎ௜௞ is defined as ݎ௜௞ሺࣂ௞ሻ ൌ ܦ௜௞ െ
መ݀௞ሺ࢞࢏, ࢝࢏ሻ െ ߛ௞ሺ࢞࢏, ࢝࢏, ࣂ௞ሻ, ܦ௜௞ = observed value for kth demand for a given ܠܑ and ࢝࢏. 
The prior distribution of દ஽,௞,  ݌൫દ஽,௞൯, may incorporate any information about દ஽,௞ 
that is based on our engineering judgment or past experience. When there is no prior 
information about દ஽,௞, a noninformative prior distribution should be used so that 
inferences are affected by virtual experiment data results only. Once the posterior 
distribution of દ஽,௞ is known, the mean vector and covariance matrix, denoted ࡹદ and 
઱દદ, respectively, can be calculated.  
 
 28 
 
2.6.2 Model Parameter Estimation 
The accuracy of the probabilistic demand model in Eq. (2.1) can be represented by the 
model’s standard deviation,	ߪ. Therefore, the posterior mean of σ can be used to identify 
the most accurate model from among a set of parsimonious model candidates. We begin 
the model selection process with a comprehensive candidate form of ߛ஽ሺ࢞,࢝, ી஽ሻ 
containing all considered explanatory functions presented in Table 2-3 and then simplify 
it by removing unimportant terms. This is known as a step-wise deletion process, as 
described by Gardoni et al. (2002).  The first step of the step-wise deletion process is to 
compute the posterior statistics of the unknown model parameters ࣂ ൌ ൫ߠଵ, … , ߠ௣൯ and 
ߪ஽ using the Bayesian approach described above. Next, we identify the term ݄௜ሺ࢞,࢝ሻ 
whose coefficient, ߠ௜, has the largest posterior coefficient of variation. This term is the 
least informative of all candidate explanatory functions, so it may be dropped from the 
demand model. Finally, the reduced model is assessed by estimating its unknown 
parameters using the Bayesian approach. The reduced model is accepted if the posterior 
mean of ߪ஽ has not increased by an unacceptable amount, and the deletion process may 
be repeated. Otherwise, the reduction was not desirable, and the model form before the 
reduction is as parsimonious as possible. This process achieves a compromise between 
model simplicity and model accuracy. 
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Table 2-3. Comprehensive list of explanatory functions. 
Explanatory Function Formula 
h1 1 
h2 ln[d] 
h3 ln[H/h] 
h4 ln[kx·h·D/H] 
h5 ln[kθ/(mg·R)] 
h6 ln[kx·R/mg] 
h7 ln[kθ/(mg·CR)] 
h8 ln[R/L] 
h9 ln[r/h] 
h10 ln[ω/ωn] 
h11 ln[ω/ωθn] 
h12 ln[ω·R/(ωn·L)] 
h13 ln[ω·R/(ωθn·L)] 
 
 
We select the following explanatory functions: ݄ଵሺ࢞,࢝ሻ ൌ 1 to capture potential 
constant bias in the deterministic model that is independent of ࢞ and ࢝, and ݄ଶሺ࢞,࢝ሻ ൌ
መ݀ሺ࢞,࢝ሻ to capture any over-estimation or under-estimation in the deterministic model. 
Additional explanatory functions are also considered to capture possible dependence of 
residuals on parameters which are not included in the deterministic model.  A complete 
list of all considered explanatory functions is displayed in Table 2-3. The structural, 
loading, and material properties used to define the explanatory functions are listed in 
Table 2-1. We select ݄ଷሺ࢞,࢝ሻ ൌ lnሾܪ/݄ሿ to account for possible dependencies of the 
residuals on the wave height, as it is typically the loading parameter with the greatest 
effect on deformation. To capture the possible effect of the platform’s lateral stiffness, 
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we select ݄ସሺ࢞,࢝ሻ ൌ lnሾሺ݇௫݄ܦሻ/ܪሿ	and ݄଺ሺ࢞,࢝ሻ ൌ lnሾሺ݇௫ܴሻ/݉݃ሿ. To account for 
influences of the torsional stiffness, we choose ݄ହሺ࢞,࢝ሻ ൌ lnሾ݇ఏ/ሺ݉݃ ∙ ܴሻሿ and 
݄଻ሺ࢞,࢝ሻ ൌ lnሾ݇ఏ/ሺ݉݃ ∙ ܥܴሻሿ. Furthermore, ݄ହ, ݄଺, and ݄଻ also account for effects due 
to the mass of the platform. We select ଼݄ሺ࢞,࢝ሻ ൌ lnሾܴ/ܮሿ to account for dependencies 
on the radial distance from the CR at which the drift is calculated at. To explore the 
effect of the distance between the CR and CM, we choose ݄ଽሺ࢞,࢝ሻ ൌ lnሾݎ/݄ሿ. To 
capture the possible effects of the wave frequency in relation to the natural frequency of 
the structure, we select ݄ଵ଴ሺ࢞,࢝ሻ ൌ lnሾ߱/߱௡ሿ and ݄ଵଶሺ࢞,࢝ሻ ൌ lnሾܴ߱/ሺ߱௡ܮሻሿ. Finally, 
we select ݄ଵଵሺ࢞,࢝ሻ ൌ lnሾ߱/߱ఏ௡ሿ and ݄ଵଷሺ࢞,࢝ሻ ൌ lnሾܴ߱/ሺ߱ఏ௡ܮሻሿ to account for 
influences of the wave frequency in relation to the torsional natural frequency of the 
structure. It is important to note that these explanatory functions are dimensionless, and 
therefore the parameters ࣂ are also dimensionless. Additional explanatory functions 
could also be selected, but we believe that the thirteen selected ones will capture all 
significant factors that influence the drift demand of the offshore platform. 
Since no prior information on the unknown parameters દఋ ൌ 	 ሺࣂఋ, ߪఋሻ is 
available before the virtual experiments are conducted, a non-informative prior 
distribution of the form ݌ሺࣂఋ, ߪఋሻ ∝ ߪఋିଵ is used (Box and Tiao 1992). Figure 2-6 
summarizes the step-wise term deletion for the deformation demand model. The 
posterior coefficients of variation of the model parameters ߠ௜ at each step are shown as 
solid dots, and the posterior means of the model standard deviation ߪ at each step are 
shown as open squares.   
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Figure 2-6. Step-wise deletion process for deformation demand model. 
 
 
At the first step, with the model containing all candidate explanatory functions, 
the posterior mean of ߪ is 0.5718 and the parameter with the largest COV is ߠଵଶ with a 
COV of 14.39. Therefore, the model is reduced by dropping the term ߠଵଶ݄ଵଶሺ࢞,࢝ሻ. In 
Figure 2-6, the cross symbol indicates that this term was dropped. Now, we proceed to 
step 2 and assess the new 13-parameter model. The posterior mean of  ߪ remains 
unchanged at 0.5718. Because ߪ has not increased by an unacceptable amount, the 
model has not significantly deteriorated, and now the parameter with the highest COV is 
ߠଵଷ. The model is reduced by dropping the term ߠଵଷ݄ଵଷሺ࢞,࢝ሻ and we continue the same 
procedure. After 10 steps, we have a model with a posterior mean of ߪ of 0.6365. The 
parameter with the highest COV is ߠଽ, and we drop the term ߠଽ݄ଽሺ࢞,࢝ሻ. At step 11, the 
new posterior mean of ߪ is 0.7542. This increase in the standard deviation of the model 
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is deemed unacceptable and is an indication that removing the term ߠଽ݄ଽሺ࢞,࢝ሻ 
deteriorated the quality of the model. Therefore, the model form before the reduction of 
ߠଽ݄ଽሺ࢞,࢝ሻ is as parsimonious as possible. Stopping at that point, we are left with the 
terms ߠଵ݄ଵሺ࢞,࢝ሻ, ߠଶ݄ଶሺ࢞,࢝ሻ, ߠ଼଼݄ሺ࢞,࢝ሻ, and ߠଽ݄ଽሺ࢞,࢝ሻ, and the posterior mean of ߪ 
is 0.657. 
 
2.6.3 Deformation Demand Model 
The probabilistic deformation demand model is formulated in terms of the natural 
logarithm of the drift demand. The drift demand is defined as the deformation demand at 
the deck of the offshore platform, Δ, normalized by the height of the platform, ݄. A 
logarithmic transformation is used to satisfy the homoscedasticity and normality 
assumptions (i.e. ܦఋ ൌ ݈݊ሺ∆/݄ሻ and መ݀ఋ ൌ ݈݊൫∆෠/݄൯). After performing the step-wise 
deletion model selection process, we are left with the final probabilistic deformation 
demand model, written as: 
 ܦఋሺ࢞,࢝, ࣂࢾሻ ൌ መ݀ሺ࢞,࢝ሻ ൅ ߠଵ ൅ ߠଶ መ݀ሺ࢞,࢝ሻ ൅ ߠ଼ ln ൬ܴܮ൰ ൅ ߠଽ ln ቀ
ݎ
݄ቁ ൅ ߪߝ (2.17)
 
2.6.4 Model Assessment 
Table 2-4 gives the posterior statistics of દఋ ൌ 	 ൫ߠଵ, ߠଶ, ߠ଼, ߠଽ,ߪ൯ of the reduced 
probabilistic model. Some important observations can be made from these statistics: (1) 
The positive mean of ߠଵsuggests that, independent of structural and loading parameters 
࢞ and ࢝, the selected deterministic model, መ݀ሺ࢞,࢝ሻ, tends to underestimate the 
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deformation demand on the offshore platform. (2) The positive posterior estimate of 
ߠ଼indicates that the deterministic model tends to underestimate the torsional response of 
the platform (the “twisting” of the platform contributes more to the deformation demand 
as the value of ܴ increases). This is expected, due to the fact that the deterministic model 
does not account for higher modes of response well, as illustrated in Section 2.3.  
Similarly, the positive estimate of ߠଽ indicates that the deterministic model does not 
properly account for the eccentricity between the CR and CM that induces the torsional 
vibration. Once again, this is expected due to the shortcomings in the deterministic 
model of the higher mode response estimations. 
 
Table 2-4. Posterior statistics of parameters in demand model. 
    Standard 
deviation 
Correlation Coefficient 
Parameter Mean θ1 θ2 θ8 θ9 σ 
θ1 1.842 0.193 1
θ2 -0.198 0.023 0.719 1
θ8 0.451 0.026 0.194 0.008 1 
θ9 0.470 0.043 0.524 -0.162 -0.003 1 
σ 0.657 0.026 -0.024 -0.084 -0.052 0.063 1
 
 
A comparison between the measured (experimental data) and predicted values of 
drift demands for the asymmetric offshore platforms based on the deterministic model 
(left chart) and the probabilistic model (right chart) is displayed in Figure 2-7.  On the 
right chart, median predictions (ߝ ൌ 0) of the probabilistic model are displayed. The 
equality data are shown as solid dots, the Type II lower bound data are inscribed in open 
 34 
 
squares, and the Type I lower bound data are inscribed in open triangles. The dashed line 
in both charts depicts the 1:1 line, and the dotted lines in the right chart delimit the 
region within one standard deviation of the median.  
 
 
Figure 2-7. Comparison between measured and predicted demands 
based on deterministic (left) and probabilistic (right) models. 
 
 
The deterministic model on the left is clearly biased to the non-conservative side 
(under-estimates the deformation of the platform) since most of the data lie below the 
1:1 line. For a perfect model, the equality data should fall along the 1:1 line, and the 
lower bound data should lie above it. The chart on the right clearly shows that the 
probabilistic model corrects the bias that is apparent in the deterministic model. Most of 
the data fall within one standard deviation of the median prediction of the probabilistic 
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model. Some of the lower bound data points fall below the 1:1 line; this can be attributed 
to the fact that, for these platform configurations, the deterministic model predicts very 
small deformations while the experimental data show very large deformations. 
Therefore, because it contains the deterministic model, the probabilistic model still 
shows some of this trend, and several lower bound data points fall below the 1:1 line. It 
is clear that the probabilistic model corrects the bias inherent in the deterministic model 
and accounts for the prevailing uncertainties. 
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3. FRAGILITY ESTIMATES 
 
3.1 Introduction 
In this study, we define fragility as the conditional probability of failure for a given set 
of loading conditions, which we defined earlier as ࢝. Following Ditlevsen and Madsen 
(1996) and Gardoni et al. (2002), we let ݃ሺ࢞,࢝,દሻ be a mathematical model that 
describes the deformation limit state for the platform. As defined earlier, ࢞ denotes a 
vector of measurable structural variables, ࢝ denotes a vector of external loading 
variables, and દ denotes a vector of model parameters. The deformation limit state 
functions for an offshore platform are formulated as 
 ݃ሺ࢞,࢝,દሻ ൌ ܥ െ ܦሺ࢞,࢝,દሻ (3.1)
where ܥ is a specified capacity for the deformation limit state, and ܦሺ࢞,࢝,દሻ is the 
probabilistic demand model developed previously. The limit state function is defined 
such that the event  ሼ݃ሺ࢞,࢝,દሻ ൑ 0ሽ denotes attainment or exceedance of the 
deformation limit state. The fragility of the support structure can then be defined as 
 ܨሺ࢝,દሻ ൌ ܲሾሼ݃ሺ࢞,࢝,દሻ ൑ 0ሽ|࢝ሿ (3.2)
where ܲሾܣ|࢝ሿ is defined as the conditional probability of event ܣ for the given values of 
variables ࢝. The randomness in ࢞, the inexact nature of ݃ሺ࢞,࢝,દሻ, and the uncertainty 
inherent in the model parameters દ cause uncertainty in the estimate of fragility 
 The predictive estimate of fragility, F෨ሺܟሻ, is the expected value of Fሺܟ,દሻ over 
the posterior distribution of દ, and it incorporates the epistemic uncertainties inherent in 
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the model parameters by considering દ as a random vector. Following Gardoni et al. 
(2002), a predictive estimate of the fragility can be formulated as 
 ܨ෨ሺ࢝ሻ ൌ ܲሾሼ݃ሺ࢞,࢝,દሻ ൑ 0ሽ|࢝ሿ (3.3)
We calculate the predictive estimates of fragility through the use of Finite 
Element Reliability Using Matlab (FERUM). This software package uses Monte Carlo 
simulations to perform a fragility analysis on the deformation limit state function, where 
the unknown model parameters, ࣂ ൌ 	 ሺߠଵ, ߠଶ, ߠ଼, ߠଽሻ, and error terms, 	ߪ and ߝ, in the 
demand model are considered as random variables. This method is used to construct 
fragility curves for specified capacities. 
 
3.2 Fragility Estimates for an Example Asymmetric Offshore Platform 
We now use the previously developed demand model to assess the fragility of an 
example asymmetric offshore platform. To conduct this, we consider a typical 4-leg 
offshore jacket platform installed in 160 m water depth. Important parameters for this 
example platform are provided in Table 3-1. A drift limit of 5% is considered as the 
deformation capacity for the drill pipe, which is located at a distance of 20 m (ܴ = 20 m) 
from the CR. We define this configuration as the “baseline” configuration for future 
analyses. As discussed above, Monte Carlo simulations are used to develop the fragility 
curve for this capacity and configuration. 
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Table 3-1. Important parameters of the baseline platform configuration. 
Parameter Symbol Value 
Wave period T 14 sec. 
Current velocity v 1.5 m/sec. 
Water depth d 160 m 
Platform height h 180 m 
Platform deck length L 65 m 
Leg diameter D 1.0 m 
CR x-coordinate Xr 5.25 m 
CR y-coordinate Yr 8.00 m 
CM x-coordinate Xm -3.00 m 
CM y-coordinate Ym 7.50 m 
Platform mass m 8.38x106 kg 
Lateral stiffness kx 1.25x108 N/m 
Torsional stiffness kθ 5.6x1010 N∙m/rad. 
 
 
Figure 3-1 displays the predictive probability of failure (fragility) for the example 
offshore platform plotted as a function of wave height, ܪ.  
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Figure 3-1. Predictive fragility estimate for 
baseline configuration with 5% drift capacity. 
 
 
3.2.1  Sensitivity Analysis 
Next, we examine the sensitivity of altering important design parameters on the fragility 
of the baseline offshore platform configuration. We consider three parameters that have 
substantial effect on the limit state function: (1) ݎ, the eccentricity existing between the 
CM and CR, (2) ܴ, the distance from the axis of rotation at which the drift is examined, 
and (3) ܥ, the given drift capacity for the structural member of interest.  
 Figure 3-2 displays the sensitivity of modifying the eccentricity between the CM 
and CR on the baseline configuration. The black line denotes the baseline configuration 
with an eccentricity of 17.5 m. This figure clearly shows that a greater degree of 
asymmetry corresponds to a higher probability of failure. Moreover, ignoring the 
 40 
 
asymmetry and assuming a symmetric platform is a very non-conservative assumption; 
the asymmetry of the structure must be considered when examining fragility.  
 
 
Figure 3-2. Sensitivity of altering platform eccentricity. 
 
 
Next, the sensitivity of modifying ܴ on the deformation reliability of the 
structural member at that location is investigated in Figure 3-3. The fragility estimate for 
ܴ = 20 m, denoted by the black curve, corresponds to the baseline configuration. It can 
be seen that a greater distance to the axis of rotation corresponds to a higher probability 
of failure at that location due to excessive deformation. In other words, the closer the 
drill pipe is located to the center of rigidity, the smaller the probability of deformation 
failure. 
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Figure 3-3. Sensitivity of altering drill pipe location. 
 
 
Finally, the fragility of the baseline configuration platform is plotted against 
various drift capacity values, shown in Figure 3-4. It is important to note that because we 
specified a lower bound datum of 5% drift in the formulation of the probabilistic demand 
model, the fragility analyses for assumed capacities greater than 5% may not be 
accurate. As expected, a relative small capacity level corresponds to a much greater 
probability of failure.  
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Figure 3-4. Sensitivity of altering drift capacity. 
 
 
3.2.2 Ultimate Limit State Fragility Analysis 
In Section 1.1, we defined the deformation of the platform legs as an ultimate limit state, 
as exceeding the structural deformation capacity of these members will result in ultimate 
failure of the platform. Now, we will use predictive fragility estimates to examine the 
probability of exceeding this ultimate limit state of the platform. 
 For this purpose, we will use the same baseline configuration as presented in 
Section 3.2. However, ܴ is now magnitude of the distance from the CR to the platform 
leg that experiences the largest deformation. This is typically the leg that is farthest from 
the CR due to the torsional response of the asymmetric platform. In the case of the 
baseline configuration, this distance is 55.5 m. In addition, we will assume an ultimate 
drift capacity of 5%. The solid red line in Figure 3-3 displays the fragility curve for this 
configuration. 
 43 
 
3.2.3  Serviceability Limit State Fragility Analysis 
A serviceability limit state was also defined in Section 1.1 as the deformation of the drill 
pipe. Excessive drill pipe deformation will cause the offshore platform production 
operations to cease but will not cause ultimate structural failure; thus, we consider it as a 
serviceability limit state. We can also use fragility estimates to investigate this mode of 
failure.  
 Once again, we consider the baseline configuration. For serviceability, we 
assume a drift capacity of 5%. Figure 3-5 displays a predictive fragility contour of the 
platform deck, assuming the platform encounters a maximum wave height of 10 m. The 
x-axis corresponds to the x-coordinate position on the platform normalized with the 
length of the platform deck, and the y-axis corresponds to the y-coordinate position on 
the platform normalized with the length of the platform deck. The resulting contours 
lines are concentric circles around the CR, and the values on the contour lines denote the 
probability of failure. Figure 3-5 displays the contour for a given value of ݎ (17.5 m). 
However, it is important to note that if we increase the asymmetry of the structure, we 
will still have concentric contours around the CR, but the fragility values will also 
increase. This fragility contour can be used to determine the optimal location or evaluate 
potential locations of the drill pipe in order to avoid a serviceability failure. It is clear 
that the optimal location for the drill pipe is at the CR. Moreover, the probability of 
failure can increase very quickly if there are even small errors in determining the drill 
pipe location.  
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Figure 3-5. Fragility contour of platform deck. 
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4. CONCLUSIONS AND FUTURE WORK 
 
4.1 Conclusions 
The paper presents a Bayesian framework for developing probabilistic deformation 
demand models for asymmetric offshore jacket platforms subject to wave and current 
loads. The demand model properly accounts for uncertainties and is unbiased. In order to 
facilitate the use of the developed demand model in practice, the probabilistic model is 
formulated by adding correction terms to an existing deterministic deformation demand 
model. This properly corrects the inherent bias and enhances the accuracy of the 
deterministic model. The probabilistic model correction terms are constructed through a 
model selection process that considers a set of candidate explanatory functions which are 
chosen based on engineering judgment and an understanding of the underlying physical 
phenomena. The unknown parameters in the probabilistic model are estimated using a 
Bayesian updating method. The Bayesian approach was conducted using virtual 
experiment demand data obtained from time history analyses of representative platform 
configurations subject to wave and current forces. An experimental design procedure 
was used to develop 504 representative offshore platform configurations for analysis in 
the virtual experimentation. A comprehensive candidate form of the probabilistic model, 
which includes all considered explanatory functions, is considered, and a step-wise 
deletion process is used to filter out the least informative explanatory functions. The 
probabilistic demand model that most effectively corrects the bias and random error in 
the deterministic demand model is developed through this process.  
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 As an application, the developed probabilistic demand model is used to construct 
limit state functions based on specified capacity values and estimate the deformation 
fragility of an example asymmetric offshore platform. This approach fully considers 
inherent uncertainties in structural and loading parameters, statistical uncertainties in 
model parameters, and model errors. Predictive estimates of fragility are used to perform 
two tasks: (1) Sensitivity analyses of important offshore platform design parameters, and 
(2) Ultimate limit state and serviceability limit state fragility analyses.  
 The developed demand model and predictive fragility estimates can give accurate 
assessments of the reliability of an offshore jacket platform, accounting for all of the 
prevailing uncertainties. This can be used with a performance based design methodology 
to increase the overall safety of offshore platforms, while determining the optimal 
allocation of resources for oil and gas production.   
  
4.2 Future Work 
Future research can build upon the reliability analysis presented in this thesis in multiple 
ways. First, while wave and current actions are usually the dominant environmental 
loads, there are other more extreme loading conditions, such as seismic loads, blast 
loads, etc., that can be incorporated into a similar probabilistic demand model. It is not 
inconceivable that an offshore structure could experience the combined action of these 
loads; thus, accounting for these other load cases may extend the applicability of the 
developed probabilistic demand model. 
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 Next, other failure modes in addition to deformation, including shear demand and 
moment demand, could be considered. This will lead to the formulation of multiple 
demand models, each constructed in a similar fashion as the deformation demand model 
presented in this paper. This will make multivariate reliability analyses possible. 
 Also, the probabilistic demand model developed in this paper gives rise to the 
necessity of probabilistic capacity models. Capacity models can be formulated in a 
similar fashion as the formulation of the demand model presented in this paper, as shown 
by Gardoni et al. (2002). A probabilistic capacity model could be incorporated into the 
limit state function to conduct reliability analyses that account for prevailing 
uncertainties in capacity models as well as demand models. 
 Finally, the reliability framework presented in this paper can be extended to other 
types of offshore platforms and structures. The formulation of probabilistic models, as 
outlined in this thesis, is quite general and can be adapted to many offshore engineering 
applications. 
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